Abstract-Wind turbine generators and PV system causes fluctuating power condition. Therefore, the fluctuating power causes frequency and voltage fluctuations. In order to solve this problem, we propose a new power supply system by using renewable energy power production plant in isolated island. The feature of this system is to use hydrogen production unit and fuel cell. The operation of suggested system absorbs fluctuating power of renewable energy. Furthermore, the proposed system is able to generate reactive power by using three phase inverter. The effectiveness of the proposed power supply system is shown through simulation results.
I. INTRODUCTION

P
OWER demand is steadily increasing in isolated island, where diesel generator using fossil fuel mostly supplies electric power to the loads. However, lack of fossil fuel and environmental pollution have become the major problems. Hence, an installation of renewable energy power production plant has become active. Also, the introduction of renewable energy power production plant that has been suggested by government of Japan is 3 million kW for wind turbine generators and 5 million kW for PV system until 2010. From this, it can be seen that renewable energy power production plant is gaining popular.
However, the characteristics of wind energy and solar energy is such that they vary randomly. Wind energy varies in proportion to the cube of wind speed, whereas, solar energy varies according to solar radiation and temperature in solar panel. Therefore, it is difficult to supply constant power to the loads. In addition, frequency and voltage fluctuation are another problems. In order to solve them, power utilities usually install storage facilities [1] . However, installation cost is very high. Many papers have reported about hybrid system (e.g. combination of wind and solar system) [2] [3] [4] [5] [6] [7] . However, these papers have analyzed only small capacity hybrid system, and analysis of small independent system like isolated island has not been carried out. Also, in the reference [8] , in order to control frequency and electric power fluctuation, implementation of hydrogen production unit and fuel cell are suggested. However, this paper has modeled first-order lag element for (1) Daisuke Hayashi, Tomonobu Senjyu, Ryosei Sakamoto, Naomitu Urasaki, Hideomi Sekine, Faculty of Engineering, University of the Ryukyus, Okinawa, Japan (e-mail: k058466@eve.u-ryukyu.ac.jp, b985542@tec.uryukyu.ac.jp, k048482@eve.u-ryukyu.ac.jp, urasaki@tec.u-ryukyu.ac.jp ), (2) Toshihisa Funabashi is with the Meidensha Corporation, Tokyo, Japan (e-mail: funabashi-t@honsha.meidensha.co.jp), diesel generator, hydrogen production unit and fuel cell. It does not consider inner losses in generator, influence of switching off inverter and so on. Also, each reference does not consider voltage fluctuation.
Therefore, we propose a small independent power system model, which considers generator losses and influence of switching inverter. Furthermore, we propose the technique of generating power leveling of renewable energy. The proposed technique installs hydrogen production unit and fuel cell. Hydrogen production unit absorbs fluctuating power of renewable energy and manufactures hydrogen which is used by fuel cell to generate power. Furthermore, three phase inverter that connects fuel cell to power system compensates reactive power and can control terminal voltage constantly. In order to verify the effectiveness of the suggested system, we use MATLAB/SIMULINK for simulation.
II. SYSTEM CONFIGURATIO N
System configuration of the proposed small independent system is shown in Fig. 1 and variables are presented in Table I . Diesel generator is connected to 22kV power system, loads are connected to 6.6kV power system, and wind turbine generators, PV system, hydrogen production unit and fuel cell are connected to 480 V power system. This power system supplies power from diesel generator, wind turbine generator and PV system having rated output of 20 MVA, 4 MVA and 800 kW, respectively. System configuration of control system of diesel generator, as shown in Fig. 2 , consists of governor, actuator and engine time delay element. The governor achieves frequency control.
Hydrogen production unit and fuel cell level for generating power of renewable energy power production plant. Also, reactive power can be controlled by using three phase inverter connected to fuel cell.
A. Diesel generator and renewable energy
Diesel generator uses synchronous generator and wind turbine generator uses squirrel-cage induction generator. Parameters of diesel generator, wind turbine generators and PV system are presented in Tables II, III , IV, respectively. Wind turbine generators and PV system supply power that is half of the total loads. Frequency and terminal bus voltage are influenced by generating power of wind turbine generators and PV system.
Output characteristics of wind turbine generators are shown in Fig. 3 . Output power of wind turbine generators depends on rotor speed [9] . Also, they generate power less or equal to 1pu(4MW).
PV system interconnects power system in which DC power is converted into AC power by three phase inverter [10] . Generating power of PV system, P s , is represented by the following equation from PV array output equation of per unit of time [11, 12] :
where η is conversion efficiency of PV array, S is square measure of PV array (m 2 ), Φ is solar radiation (kW/m 2 ) and T is ambient temperature (
• C). Generating power of PV system P s depends on ambient temperature T and solar radiation Φ because conversion efficiency of PV array η and square measure of PV array S are constant. In this paper, ambient temperature is kept constant at 25
• C, and generating power is varied by solar radiation only.
B. Fuel cell and hydrogen production unit
Hydrogen production unit absorbs fluctuating power of renewable energy and manufactures hydrogen which is used by fuel cell to generate power. Fuel cell can generate power 0.061 (l/kWh) and rated output is 400 kW. The configuration of fuel cell and three phase inverter that interconnects power system is shown in Fig. 4 . Voltage source inverter controls active and reactive power by using PWM control. In actual fuel cell, there is a time delay, which is generated by chemical reaction hydrogen and electric power. So, response of fuel cell is very slow, but if we apply ultra capacitor, it can respond quickly. Therefore, we do not consider time delay for fuel cell. Control system for voltage source inverter is shown in Fig. 5 . In Fig. 5 , it indicates that P * F is command value of active power, P F is active power that flows from three phase inverter to power system, Q * F is command value of reactive power and Q F is reactive power that flows from three phase inverter to power system. The way of control is that we enter difference between P * F (Q * F ) and P F (Q F ) to PI controller, invert d-q axis conversion and decide PWM pulses signal (6 pulses). It implements both leveling power and control bus voltage. Hydrogen production unit absorbs fluctuating power of renewable energy, P K , and manufactures hydrogen. Hydrogen production unit can manufacture 0.029 (l/kWh) and rated output is 600 kW. Its model is Fig. 4 where it absorbs electric power. Because of response of hydrogen production unit is very quick [8] , the time delay is omited.
We explain how to decide command value of active power of hydrogen production unit P * E , command value of active power of fuel cell P * F and command value of reactive power of Q * F shown in the next section.
III. TECHNIQUE OF GENERATI NG POWER LEVELING AND CONTROL BUS VOLTAGE
First, we explain how to decide the command value of active power of hydrogen production unit P * E . Generating power of renewable energy power production plant is varied by ambient temperature, solar radiation and so on. Wind speed and solar radiation are shown in Fig. 6(a) and 6(b) , respectively. Generating power P K varies randomly as shown in dotted line in Fig. 6(c) . Because of generating power leveling of wind turbine generator and PV system, we definē P which is the average of generating power of wind turbine generator and PV system (P K ), and P σ which is standard deviation of P K :
where t is current time and T is integral interval. In this paper, we define T =600s. While 0 ≤ t < T , we use time average in both equation and while T ≤ t, we use 10 minutes average.P indicates broken line in Fig. 6 (c).P has been leveling but when P K ≤P , hydrogen production unit cannot operate because it can only absorb electric power. So, it does not achieve the generating power leveling of renewable energy. Therefore, we defineP σ1 (whereP σ1 is average deviation) by usingP and
whereP σ1 indicates continuous line in Fig. 6(c) . In Fig. 6(c) , compareP σ1 andP , the probability to be P K ≤P σ1 is less thanP . Although electric power that can be got byP σ1 is less thanP (broken line in Fig. 6 (c)),P σ1 achieves "generating power leveling". Here, in order to reduce probability, i.e. P K ≤P σ1 , we apply fuzzy logic [13] . Fuzzy logic puts ambiguity into if-then form, and can achieve the result that is close to human sense. In order to apply fuzzy logic, we change standard deviation in equation (3) toP σ2 as shown below [14] :
where α(k) is fuzzy correction coefficient. Also, equation (4) changes toP σ2 (whereP σ2 is a compensated average deviation) as shown below:
whereP σ2 indicates continuous line in Fig. 6(d) . α(k) is decided by applying fuzzy logic and reduce the probability to be P K ≤P σ1 . If P K reduces rapidly,P σ2 reduces. Therefore, command value of absorbing power of hydrogen production unit P * E is represented by the following equation:
In addition,P σ2 is not always less than P K . If P K rapidly reduces and becomes zero by the fluctuation of wind speed and solar radiation,P σ2 is larger than P K , and P * E is less than zero. Therefore, hydrogen production unit has a limiter and if P * E is less than zero, P * E is zero. Now, we discuss how to α(k) is decided. Input variables of fuzzy rules are minimum value (P Kmin ) that compares P K andP , and deviation of power (∆P ). The former indicates minimum value of electric power at present and the latter indicates rapid change in electric power.
Fuzzy rules and membership functions of fuzzy logic are as shown in Table V 
where A k and B l are antecedents and C m is consequent. Inference result is decided by weighted average:
where the grade of antecedents of Rule i, w i , indicates as multiplication of each membership functions as shown below:
Also, w P i Kmin and w ∆P i are the grade of antecedents P i Kmin and ∆P i of equation (8) . Now, we explain how to decide the command value of active power of fuel cell P * F . It is based on constant control of bus voltage [15] . Calculation circuit that decides active and reactive power command value of fuel cell is shown in Fig. 8 . Active power is leveling hydrogen production unit, and command value of active power of fuel cell is decided by rapid reduction of generating power or increase of power consumption. M  BS  BM  BB  SS  SS  SS  SS  SS  SM  SB  M  SM  SS  SS  SS  SM  SB  M  BS  SB  SS  SS  SM  SB  M  BS  BM  PKmin  M  SS  SM  SB  M  BS  BM  BB  BS  SM  SB  M  BS  BM  BB  BB  BM  SB  M  BS  BM  BB  BB  BB  BB  M  BS  BM  BB  BB  BB (e) Amount of hydrogen. Now, we explain how to decide the command value of reactive power of fuel cell Q * F . This is based on constant control of installed bus voltage V w . In Fig. 8 , we set standard phase of d-q axis transformation by using PLL circuit and detect d-axis voltage (V wd +∆V w ) to compensate bus voltage that is connected to renewable energy power production plant. Here, at steady state, voltage root mean square value corresponds to the d-axis voltage value and the q-axis voltage is zero, so it does not consider the q-axis voltage. The difference between system bus voltage and its command value V wref =480 V is considered as input to PI controller and decide the command value of reactive power Q * F . (h) Terminal voltage of renewable energy power production plant bus. 
IV. SIMULATION RESU LTS
In this paper, we use the simulation model that considers a small isolated island, and by using MATLAB/SIMULINK, we simulate two cases that with and without installing hydrogen production unit and fuel cell, and the other does not install hydrogen production unit and fuel cell. Wind speed changes from 9 to 11 m/s. Because the average annual wind speed in Okinawa Island is from 8.5 to 10 m/s. The tank of fuel cell stocks 200 liter of hydrogen in advance and if hydrogen in the tank becomes under 50 l, fuel cell stops performing.
Simulation results are shown in Fig. 9 . Fig. 9(a) shows the generating power of wind turbine generators P w and Fig. 9(b) shows the generating power of PV system, they are fluctuated by wind speed and solar radiation. Fig. 9(c) shows the absorbing power of hydrogen production unit P E , and by applying the proposed technique, it absorbs fluctuating power that is generated by wind turbine generators and PV system. Fig. 9(d) shows the generating power of fuel cell P F , which generates power to reduce fluctuating power. Fig. 9 (e) shows the amount of hydrogen H, hydrogen production unit changes electric power into hydrogen and it sends to hydrogen tank. Fig. 9(f) shows the generating power of diesel generator, we can confirm that if we do not install hydrogen production unit and fuel cell, generating power of diesel generator fluctuates widely and frequency error (Fig. 9(g) ) fluctuates. However, with installing hydrogen production unit and fuel cell, generating power of diesel generator is almost constant and frequency error is controlled between +0.05 and −0.05 Hz. Fig.9(h) shows the terminal voltage of renewable energy power production plant bus V w , three phase inverter that connects to fuel cell controls reactive power, so bus voltage is constant. Fig. 9 (i) shows the supply power for loads P l and Fig. 9(j) shows the terminal voltage of loads bus V l . It is confirmed that they are controlled constantly because diesel generator and fuel cell control active and reactive power.
V. CONCLUSION In this paper, we proposed a simulation model that assumes a isolated island, and analyzed frequency and voltage fluctuation. In order to control generating power and voltage fluctuation, the system is installed with hydrogen production unit and fuel cell. In hydrogen production unit, to control generating power fluctuation, we use the difference between average of generating power of wind turbine generators and PV system, and standard deviation of them times fuzzy coefficient. In fuel cell, active and reactive power are controlled by using three phase inverter. The simulation results show that the proposed method is simulated the model of small isolated island by instantaneous value simulations and showed the availability of these systems.
